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Since 1993 the photonic force microscopy 1,2 ͑PFM͒ has become an important tool to measure forces and torques in microscopic systems and it has been used in many areas such as biophysics, colloidal physics, and hydrodynamics of small systems. A typical PFM setup comprises an optical trap 3, 4 that holds the probe particle, and a position sensing system, which uses the scattering of a beam illuminating the probe.
The PFM relies on the analysis of the probe thermal fluctuations. 5, 6 The probe randomly moves due to the Brownian motion in the potential well formed by the optical trap. Near the center of the trap, the optical trapping potential is parabolic and the restoring force is linear in the displacement. The restoring force of the optical trap in each direction may be deduced from the three-dimensional ͑3D͒ position fluctuation spectrum. After this calibration procedure the measurement of an external force is reduced to the measurement of the position of the probe, in the range where the parabolic approximation is valid. The 3D position of the probe can be measured through the scattering of an auxiliary beam ͑detection beam͒ that illuminates the probe.
The PFM has measured forces down to few femtonewtons, 7 and it has been lately applied to the measurement of torques in the range of few fN nm produced by vortex beams 8 or microscopic hydrodynamic flows. 9 Usually the probe position is determined by measuring the FS light transmitted through the probe. Backfocal plane interferometry with a quadrant photodetector ͑QPD͒ enables the 3D tracking of a trapped probe with nanometer precision at sampling rates up to megahertz. [10] [11] [12] [13] A QPD is a four-element photodiode array which gives three output signals-V x , V y , and V z -proportional to the light intensity impinging upon it and associated with the displacement of the probe in the trap.
In order to track the probe position unambiguously, the dependence of the output signals on the probe displacement must be known. Usually it is supposed that this dependence is linear, i.e., V x ͑x͒ = S x x, V y ͑y͒ = S y y, and V z ͑z͒ = S z z, where ͑x , y , z͒ is the probe position and S x , S y , S z are the conversion factors between the output QPD voltages and displacements ͓with units of ͑length/voltage͔͒. However, usually the linearity range of the QPD detection is limited to a few hundreds of nanometers. For many biophysical applications of the PFM, in particular, in the study of molecular motors, this range is not sufficient. One of the options in this case may be the tracking of the probe position by video microscopy which makes for a more computationally expensive and slow data processing. Another problem arises due to a cross-talk between the three signals as an intrinsic feature of the Mie scattering. 14 Here we propose a technique that permits one to increase by one order of magnitude the detection range for available PFM systems. This technique takes advantage of the unavoidable cross-talk between the output signals of the QPD and does not assume that the output signals are linear in the probe displacement. We demonstrate the increase in the detection range from 150 to 1400 nm for a trapped polystyrene sphere with radius 300 nm as probe.
The main idea for the position detection calibration is the following. We record two QPD signals, say, V x and V z , while we scan the probe across the detection beam along the x-direction with known steps using an optical trap generated by a second beam. In this way we associate the detector signals ͑V x , V z ͒ to a given known probe position x ͓Fig. 1͑a͔͒. This gives us the calibration curve, i.e., a parametric plot
we can determine the probe position maximizing the likelihood function. 15 Below we explain in detail the experimental setup and the calibration procedure. Figure 1͑b͒ represents the experimental setup. The probe position detection is realized by a red beam ͑635 nm͒ from a low noise laser ͑Coherent, Lablaser 635 nm, ultralow noise͒, focused by a microscope objective ͑O, 100ϫ, numerical aperture ͑NA͒ = 1.3, Nikon͒. Its power at the sample ͑0.1 mW͒ was kept low enough not to significantly have a trapping effect on the probe. The FS light of the detection beam was collected by a condenser ͑C, 40ϫ, NA= 0.75, Olympus UPlanFI͒ and projected onto a QPD ͑New Focus 2911͒. We used a big numerical aperture lens in the detection path in order to minimize the QPD sensitivity to the movement of the probe along the z-direction. 16 In order to obtain the calibration curve, a second beam from a laser ͑Microlaser 785 nm, 30 mW at the sample͒ steerable along the x-direction by an acoustic-optical deflector/modulator ͑AOD/M͒ ͑ISOMET LS55 NIR͒ was inserted along the beam path in order to create a movable optical trap. The AOM/D input voltage was controlled by an arbitrary waveform generator ͑Tabor Electronics, WW 5062͒. The trap position depends linearly on the beam deflection, which we control through the AOD/M input voltage. We calibrated the trap displacement for small deflection angles, when the QPD response is linear by using standard optical tweezers calibration techniques, 5, 6, 17 and then we linearly extrapolated the position of the trap to larger trap displacements.
Then we steered the trap position by applying a sinusoidal signal x trap ͑t͒ = A sin͑2f 0 t͒ with various amplitudes A = 18, 180, and 720 nm, and f 0 = 1 Hz. The frequency f 0 was kept low enough to permit the probe to be in a quasistationary state, i. When the steering amplitude is small ͓A = 18 nm, Figs. 2͑a͒ and 2͑d͔͒ the signal V x is linear in the displacement and the signal V z is uncorrelated with V x . However, when the steering amplitude is increased up to A = 180 nm ͓Figs. 2͑b͒ and 2͑e͔͒ the signal V x is distorted and a cross-talk between the signals V x and V z is observed. These effects become dominant when the steering amplitude is increased even further ͓A = 720 nm, Figs. 2͑c͒ and 2͑f͔͒: the data do not give a reasonable estimation of the probe position anymore.
If we continuously change the trap position by the AOD/M, we can now plot the parametric curve for the PFM ͓͗V x ͑͘x trap ͒ and ͗V z ͑͘x trap ͔͒ shown in Fig. 3 . In Fig. 3 we demonstrate how the calibration curve can be used to measure unknown probe x-positions. For a given value of the QPD signals ͑V x ‫ء‬ , V z ‫ء‬ ͒, we apply a maximum likelihood estimator in order to find the best estimation of the probe position x ‫ء‬ . We assign the estimated particle position to the position value x trap that maximizes the probability of obtaining the given QPD signals, i.e., that maximizes the likelihood function 15 L͑x trap ͒ = e where ͗V x ͘, ͗V z ͘, x , z , and were defined above and they are functions of the trap position.
We measured the variances of ͗V x ͘ and ͗V z ͘ as function of the trap position and we found they are not constant and the variance of ͗V x ͘ is larger than the variance of ͗V z ͘ ͑Fig. 4͒. Furthermore, a slight correlation between the two signals was observed, especially for large excursions of the particle position.
In Fig. 5 the reconstructed time dependencies of the probe position corresponding to the data presented in Fig. 2 are shown. For comparison the known trap center position is also depicted. Now the probe position may be measured with high accuracy over all the range of the steering amplitude of 1400 nm for a trapped probe with a radius of 300 nm. This represents a one order of magnitude improvement over the case when only the linear dependencies of the QPD signals from the probe displacement are used.
The results obtained by maximizing the likelihood function are similar to the ones obtained by using the minimization of the Euclidean distance. However, the former delivers much better results especially near the extremes of the probe position excursions.
The method uses the cross-talk between the signals of the QPD that is normally considered as a nuisance. The experimental setup described is only one out of many possible realizations of this method. We have considered the forwardscattering detection with a QPD; however, the same method can be used also when experimental constraints prevent access to the forward-scattered ͑FS͒ light, forcing one to make use of the backward scattered light 18 or with other kinds of photodetectors, such as position sensing detectors. 19 Although we have used an optical trap controlled by an AOM/D to move controllably the probe across the detection beam and to get a calibration curve, other means can be used to achieve the same purpose: a galvomirror, a dielectric mirror, a piezostage moving a probe stuck on a surface, a fluid flow. Finally, although we used the V x and V z signals of the QPD, other kind of signals can be considered: two beams at different wavelengths or the forward and backward scatterings of the same beam. 
